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Molecular dynamics (MD) simulations are used to investigate 1H nuclear magnetic resonance
(NMR) relaxation and diffusion of bulk n-C5H12 to n-C17H36 hydrocarbons and bulk water. The
MD simulations of the 1H NMR relaxation times T1,2 in the fast motion regime where T1 = T2 agree
with measured (de-oxygenated) T2 data at ambient conditions, without any adjustable parameters
in the interpretation of the simulation data. Likewise, the translational diffusion DT coefficients cal-
culated using simulation configurations are well-correlated with measured diffusion data at ambient
conditions. The agreement between the predicted and experimentally measured NMR relaxation
times and diffusion coefficient also validate the forcefields used in the simulation. The molecular
simulations naturally separate intramolecular from intermolecular dipole-dipole interactions helping
bring new insight into the two NMR relaxation mechanisms as a function of molecular chain-length
(i.e. carbon number). Comparison of the MD simulation results of the two relaxation mechanisms
with traditional hard-sphere models used in interpreting NMR data reveals important limitations in
the latter. With increasing chain length, there is substantial deviation in the molecular size inferred
on the basis of the radius of gyration from simulation and the fitted hard-sphere radii required to
rationalize the relaxation times. This deviation is characteristic of the local nature of the NMR
measurement, one that is well-captured by molecular simulations.
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I. INTRODUCTION
Molecular dynamics (MD) simulations of macro-
molecules such as proteins and polymers have become
increasingly common as forcefields have improved and
computers have become more powerful. Of particular in-
terest is the integration of MD simulations with nuclear
Overhauser effect spectroscopy (NOESY), and variants
thereof, which directly probe the nuclear dipole-dipole
interactions, and which have proven to yield unique in-
formation about the structure and dynamics of macro-
molecules [1–5]. An important approach in the interpre-
tation of non-rigid macromolecules has been the separa-
tion of the fast internal dynamics which are accessible
by MD simulations, from the much slower dynamics re-
lated to rotation of the entire macromolecule. A popu-
lar technique for this separation has been the model-free
Lipari-Szabo approach [6], which yields important infor-
mation about the structure and dynamics of the non-rigid
branches and internal motions of the macromolecules.
The integration of MD simulations and NMR measure-
ments presented here also requires state of the art in
both computation and measurement. On the measure-
ment side, such studies require careful de-oxygenation of
the fluid for accurate measurements of the intrinsic NMR
relaxation times [7, 8], as well as diffusion experiments
free of convection and hardware artifacts [9, 10]. On
the computational side, with current empirical potential
∗ ps41@rice.edu
† dna6@rice.edu
‡ wgchap@rice.edu
§ gjh@rice.edu
(forcefield) models it is now possible to readily access
O(10− 100) ns time scales that are of interest in under-
standing relaxation processes in confined fluids. But care
is needed in ensuring the potential models are reasonable
and the simulations are well-crafted.
One emerging area of interest for integrating MD simu-
lations with NMR measurement is in porous organic me-
dia such as kerogen, where the phase-behavior and trans-
port properties of hydrocarbons and water are greatly
affected by confinement in the organic nanometer-sized
pores. Studies of fluid confinement in organic nano-pores
is of great interest in characterizing organic-shale reser-
voirs such as gas-shale and tight-oil shale [11]. For exam-
ple, MD simulations are well suited for investigating the
effects of wettability alterations in organic matter [12],
or the effects of restricted diffusion and pore connectivity
of organic nano-pores. Recent MD simulations of fluids
confined in graphitic nano-pores have shown promising
results for molecular interactions between surfaces and
fluids such as hydrocarbons and water [12]. Recent NMR
measurements of hydrocarbons and water confined in the
organic nano-pores of isolated kerogen indicate that 1H–
1H dipole-dipole interactions play a key role in surface
relaxivity, pore-size analysis, and fluid typing [13]. How-
ever, to the best of the authors’ knowledge, no compre-
hensive studies have been performed which integrate MD
simulations with NMR measurements of hydrocarbons
and water, either in the bulk phase or under confine-
ment in porous media, even though the techniques exist
to generate molecular models of kerogen for MD simula-
tions [14].
Another emerging area of interest is in using MD sim-
ulations to characterize the NMR relaxation in complex
multi-component fluids such as heavy crude-oils [15–18],
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2or model systems for crude-oils such as polymer-solvent
mixes [19]. In such cases the Lipari-Szabo model is a
good approach for separating the slow dynamics related
to viscosity from the fast dynamics related to local non-
rigid molecular motions. The objective in such cases is to
obtain a more fundamental understanding of the NMR
relaxation and diffusion of crude-oils, thereby helping to
characterize petroleum fluids.
The first step in embarking in such studies is to suc-
cessfully integrate MD simulations and NMR measure-
ments of relaxation and diffusion for bulk hydrocarbons
and bulk water. This report presents such a task, and
validates the forcefields used in MD simulations for bulk
hydrocarbons and water, without any adjustable param-
eters in the interpretation of the simulation data. The
MD simulations are then used to distinguish intramolec-
ular from intermolecular NMR relaxation. Our studies
provide new insight into the two relaxation mechanisms,
which is not straightforward to do from NMR measure-
ments alone [20]. A comprehensive investigation into the
two relaxation mechanisms is required to improve the
characterization of macromolecules such as proteins and
polymers, where typically only the intramolecular inter-
action is considered [5], without any substantial justifi-
cation.
The rest of the article is organized as follows. The
methodology behind the MD simulations of NMR relax-
ation and diffusion are presented in Section II. This is
followed by results and discussions in Section III, includ-
ing correlation between simulations and measurements,
intramolecular versus intermolecular interactions, and,
analysis using traditional hard-sphere models. Conclu-
sions are presented in Section IV.
II. METHODOLOGY
This section presents details of the molecular simula-
tion procedure, the NMR relaxation analysis, and the
diffusion analysis.
A. Molecular Simulation
The molecular simulations were performed using
NAMD [21] version 2.11. The bulk alkanes were mod-
eled using the CHARMM General Force field (CGenFF)
[22] and bulk water was modeled using the TIP4P/2005
model [23]. In the case of water, the relaxation behavior
(see below) using the more refined AMOEBA polariz-
able model [24] was in excellent agreement with predic-
tions based on TIP4P/2005 (data not shown). Given
the typically greater challenge in modeling water, we
thus expect the relaxation behavior in alkanes modeled
with a polarizable model and the modern CGenFF non-
polarizable model to be comparable. Thus for compu-
tational economy, in this study we used non-polarizable
models throughout. (The good agreement between sim-
ulations and experiments supports this suggestion.)
The simulation cells for the hydrocarbons were con-
structed as follows. We first construct a single molecule
using the Avogadro program [25]. We than create N
copies of this molecule and pack it into a cube of volume
V using the Packmol program [26]. The volume is cho-
sen such that the number densityN/V corresponds to the
experimentally determined number density at 293.15 K
(20oC). All the subsequent simulations are performed at
this number density and temperature due to the avail-
ability of density [27] and viscosity [28] data at that tem-
perature. This initial system was energy minimized to
relieve any energetic strain due to limitations in the pack-
ing procedure. For the water simulation, we used an ex-
isting equilibrated simulation cell for the present study.
The alkane simulations typically comprised between 1660
(n-C5H12) and 2125 (n-C17H36) carbon atoms, while the
water system comprised 512 water molecules.
For the molecular dynamics simulations, the equations
of motion were propagated using the Verlet algorithm
with a time step of 1.0 fs. (The SHAKE [29] procedure
was used to constrain the geometry of water molecules,
but the C–H bond in the alkane was not similarly con-
strained.) We first equilibrate the simulation cell for
2 ns at a temperature of 293.15 K. The temperature
was controlled by reassigning velocities (obtained from
a Maxwell-Boltzmann distribution) every 250 fs. The
Lennard-Jones interactions were terminated at 14.00 A˚
(11 A˚ for water) by smoothly switching to zero starting
at 13.00 A˚ (10 A˚ for water). Electrostatic interactions
were treated with the particle mesh Ewald method with
a grid spacing of 0.5 A˚; the real-space contributions to
the electrostatic interaction were cutoff at 14.00 A˚. For
water the equilibration was for 0.25 ns.
We started the production run of 2 ns time from the
end-point of the equilibration run. Since the dynamics of
relaxation are of first interest here, the production phase
was performed at constant density and energy (NVE en-
semble), i.e. the system was not thermostated. The aver-
age temperature of the system is within 2 K of the target
(293.15 K) for all the alkanes except n-C5H12 (pentane)
for which the deviation was about 3 K. As a further check
of the simulation, we also monitored the average energy of
the system. All the simulations showed excellent energy
conservation, with the standard error of the mean energy
relative to the mean energy being less than 5× 10−6. In
the production phase, configurations were saved every
0.1 ps for the hydrocarbons and 0.125 ps for water.
B. NMR Relaxation
The theory of NMR relaxation in liquids is very well
established [30–35], and for brevity we consider only the
essential details. The autocorrelation function Gm(t) of
fluctuating magnetic dipole-dipole interactions is central
to the development of NMR relaxation theory in liquids.
3This autocorrelation is also well suited for computation
using MD simulations [2, 4]. Using the convention in the
text by McConnell [33], GmR,T (t) (in units of s
−2) is given
by
GmR,T (t) =
3pi
5
(µ0
4pi
)2
~2γ4
1
NR,T
NR,T∑
i 6=j〈
Y m2 (Ωij(t+ τ))
r3ij(t+ τ)
Y m∗2 (Ωij(τ))
r3ij(τ)
〉
τ
, (1)
where t is the lag time in the autocorrelation, µ0 is the
vacuum permeability, ~ is the reduced Planck constant,
and γ is the gyromagnetic ratio. Ω ≡ (θ, φ), where θ is
the polar angle (see Fig. 1) and φ the azimuthal angle.
The ensemble average is performed by a double summa-
tion over spin pairs i and j of the nuclear ensemble, with
i 6= j. The subscripts R and T correspond to the par-
tial ensembles NR and NT for intramolecular or inter-
molecular 1H–1H dipole-dipole interactions, respectively.
This is illustrated in Fig. 1, where the intramolecular
FIG. 1. Illustration of n-C7H16 (heptane) molecules, with
hydrogen (white) and carbon (black) atoms. A 1H nuclear
spin is shown interacting with a neighboring 1H nuclear spin
on the same heptane molecule, known as the intramolecular
dipole-dipole interaction (red) which is characterized by the
rotation correlation time τR of a single molecule. The same
1H
nuclear spin is also shown interacting with a 1H nuclear spin
from a different heptane molecule, known as the intermolec-
ular dipole-dipole interaction (blue) which is characterized
by the translational correlation time τT between molecules.
Axes illustrate the distance rij(t) between nuclear spins Ii
and Ij with respect to the applied static magnetic-field direc-
tion B0 = B0z, and corresponding polar angle θij(t).
interaction corresponds to NR = 16 in the case of hep-
tane (n-C7H16), while NT corresponds to
1H in all other
molecules. The partition into partial ensembles NR and
NT is a straight-forward book-keeping step in MD sim-
ulations, and leads to a clear separation of GR(t) and
GT (t). The brackets in Eq. 1 refer to the average over
recorded time τ during the production run:〈
....
〉
τ
=
1
Nτ
Nτ∑
τ=0
... (2)
where τ is recorded in 0.1 ps increments, with a total of
Nτ =20000 for hydrocarbons and Nτ = 16000 for water.
For spherically symmetric systems such as the bulk flu-
ids in question, the autocorrelation function GmR,T (t) =
GR,T (t) is independent of the order m, which amounts
to saying that the direction of the applied magnetic field
B0 = B0z is arbitrary. For simplicity, we study the
m = 0 harmonic Y 02 (Ω) =
√
5/16pi (3 cos2 θ − 1) [33]
by MD simulations. Thus the final expression for the
autocorrelation used here is:
GR,T (t) =
3
16
(µ0
4pi
)2
~2γ4
1
NR,T
NR,T∑
i6=j〈
(3 cos2θij(t+ τ)− 1)
r3ij(t+ τ)
(3 cos2θij(τ)− 1)
r3ij(τ)
〉
τ
. (3)
From the stored simulation trajectory, both an ensem-
ble average over NR or NT and a time average over τ
were performed in Eq. 3. To economize on computa-
tional time used in the analysis, for all the systems, only
a subset of molecules was sampled for constructing the
above average. For a chosen molecule, a hydrogen is first
selected and its separation (rij) from all other hydrogen
nuclei on the chosen molecule is recorded (intramolecu-
lar), as well as the separation from all other hydrogen
nuclei in the rest of the fluid (intermolecular). Such a
record is then constructed for all time points τ . From
the record of rij(τ) and cos θij(τ) (Fig. 1), we calculated
GR,T (t) at different lag times t using fast Fourier trans-
forms for computational efficiency (the code is available
upon request). The computed lag time ranged from 0 ps
≤ t ≤ 150 ps in increments of 0.1 ps for hydrocarbons
and 0 ps ≤ t ≤ 50 ps for water in increments of 0.125 ps.
The simulation results for GR,T (t) are shown in Fig. 2,
where both x and y axes have been normalized for better
comparison between the different fluids. The parameters
used for the normalization are detailed below. A signif-
icant parameter in the analysis is the autocorrelation at
t = 0, which is given by the following expression:
GR,T (0) =
3
16
(µ0
4pi
)2
~2γ4
1
NR,T
NR,T∑
i 6=j〈
(3 cos2θij(τ)− 1)2
r6ij(τ)
〉
τ
(4)
NMR relaxation theory states a simple relation between
GR,T (0) and the second-moment ∆ω
2
R,T of the dipole-
dipole interaction as such [34]:
GR,T (0) =
1
3
∆ω2R,T , (5)
4FIG. 2. MD simulations of (a) autocorrelation function GR(t)
for intramolecular interactions using Eq. 3 and (b) autocor-
relation function GT (t) for intermolecular interactions using
Eq. 3, for bulk alkanes (solid lines, arrow shows increasing
carbon number) and water (blue line), at 20oC. y-axis has
been normalized by zero time value GR,T (0), and x-axis has
been normalized by correlation time τR,T (Eq. 11). The re-
laxation behavior based on the traditional hard-sphere model
(Eq. 18) is indicated by the black dashed line.
which leads to the final expression:
∆ω2R,T =
9
16
(µ0
4pi
)2
~2γ4
1
NR,T
NR,T∑
i 6=j〈
(3 cos2θij(τ)− 1)2
r6ij(τ)
〉
τ
. (6)
The second-moment is significant because it determines
the strength of the relaxation mechanism, and it is a
strong function (∆ω2R,T ∝ r−6ij ) of the nuclear spin sep-
aration rij . When the fluctuations in rij(t) and θij(t)
are uncorrelated, the angular term in the numerator can
be averaged out, resulting in the following approximate
expression:
∆ω2R,T ≈
9
20
(µ0
4pi
)2
~2γ4
1
NR,T
NR,T∑
i 6=j
〈
1
r6ij(τ)
〉
τ
(7)
MD simulations indicate that Eq. 7 holds within . 0.1%
for both intramolecular and intermolecular interactions,
indicating that the ensemble averages of rij(t) and θij(t)
are indeed uncorrelated. This approximation will not
necessarily hold for fluids under confinement such as in
nano-porous media, where complications from residual
dipolar-coupling may come into play [36]. In such cases
the full expression in Eq. 6 must be used.
Once the autocorrelation function GR,T (t) is deter-
mined from MD simulations, the spectral density of the
local magnetic-field fluctuations is determined by Fourier
transform:
JR,T (ω) = 2
∫ ∞
0
GR,T (t) cos (ωt) dt, (8)
given that GR,T (t) is real (m = 0) and an even function
of t. JR,T (ω) (in units of s
−1) is defined using the non-
unitary angular-frequency form of the Fourier transform.
The relaxation times T1,R,T and T2,R,T are then deter-
mined by JR,T (ω) at specific angular frequencies given
by [33]
1
T1,R,T
= JR,T (ω0) + 4JR,T (2ω0),
1
T2,R,T
=
3
2
JR,T (0) +
5
2
JR,T (ω0) + JR,T (2ω0) ,
(9)
where ω0 = γB0 is the Larmor frequency, and γ/2pi =
42.58 MHz/T is the 1H nuclear gyro-magnetic ratio.
The relaxation rates are additive, giving the following
final expression:
1
T1
=
1
T1,R
+
1
T1,T
,
1
T2
=
1
T2,R
+
1
T2,T
(10)
which are the measurable quantities in the laboratory.
The most significant parameter in the description of
NMR relaxation in liquids is the correlation time τR,T ,
which is defined by the following expressions [34]:
τR,T =
1
GR,T (0)
∫ ∞
0
GR,T (t)dt =
1
2
JR,T (0)
GR,T (0)
. (11)
In other words, τR,T is defined as the normalized area
under the autocorrelation functions GR,T (t). Eq. 11 also
shows the simple relation to the spectral density JR,T (0)
at ω = 0 using Eq. 8.
As shown below in Section III, the correlation times
τR,T for the bulk fluids are in the fast motion regime, i.e.
ω0τR  1 and ω0τT  1, where ω0/2pi = 2 MHz for the
5NMR relaxation measurements [8] used in this report.
In the fast motion regime, the spectral density JR,T (ω)
becomes independent of ω for ω . 2ω0, and equal to the
ω = 0 component as such:
JR,T (0) = JR,T (ω0) = JR,T (2ω0) =
2
3
∆ω2R,T τR,T . (12)
From Eqs. 9 and 12 we obtain the following expression
for the fast motion regime:
1
T1,R,T
=
1
T2,R,T
= 5JR,T (0) =
10
3
∆ω2R,T τR,T . (13)
In other words, T1,R = T2,R and T1,T = T2,T , which is
characteristic for low viscosity fluids. From Eqs. Eq. 13
and 10 we thus obtain
1
T1
=
1
T2
=
10
3
∆ω2RτR +
10
3
∆ω2T τT , (14)
which is the final expression used to predict the NMR
relaxation times from simulation results.
As shown below, the MD simulation results are com-
pared with measured (de-oxygenated) T2 data from
Shikhov et al. [8]. The NMR measurements were ac-
quired at ω0/2pi = 2 MHz using a CPMG echo train with
an echo spacing of TE = 0.2 ms. The samples were care-
fully de-oxygenated by the freeze-pump-thaw technique
in order to remove unwanted (in the present case) NMR
relaxation from paramagnetic O2 molecules in solution.
C. Diffusion
An independent computation of translational diffusion
DT was performed from MD simulations. The mean
square displacement was computed from the center-of-
mass of the molecule and plotted against diffusion evolu-
tion time t(< 10) ps (Fig. 3).
At long-times (t), the slope of the linear diffusive
regime (Fig. 3) gives the translational self-diffusion co-
efficient DT according to Einstein’s relation:
d
〈
∆r2
〉
dt
= 6DT (15)
In the linear regression procedure, the early ballistic
regime and part of the linear regime is excluded to obtain
a robust estimate of DT .
As shown below, the MD simulation results are com-
pared with measured DT data acquired using
1H NMR
diffusivity, where diffusion was encoded using uni-polar
pulsed-field-gradient stimulated-echo experiments [10]
with diffusion evolution times of the order ∆ & 10
ms. Due to an incomplete range of alkanes n-C5H12
→ n-C17H36 from a single measurement source, the DT
measurements were taken from Shikhov et al. [8] at
ω0/2pi = 2 MHz, and from Tofts et al. [9] at ω0/2pi = 200
MHz.
FIG. 3. MD simulations of mean-square displacement ∆r2(t)
versus time t for (a) water and n-C5H12 → n-C10H22 (arrow
shows increasing carbon number), and (b) n-C11H24 → n-
C17H36, at 20
oC. Solid lines show fitting region used to obtain
translational diffusion coefficient DT from Eq. 15 for t > 5
ps, and dashed lines show early time regime not used in the
fit.
III. RESULTS AND DISCUSSIONS
This section presents the results of the NMR relax-
ation and diffusion, followed by analysis using hard-
sphere models.
A. NMR Relaxation
The results and analysis leading up to Eq. 14 do not
have any adjustable parameters in the interpretation of
the simulation data. As shown in Fig. 4(a), the MD sim-
ulation results are very strongly correlated with measure-
ment (R2 = 0.998), and an estimate of the deviation can
be established using the normalized root-mean-square de-
6Fluid T2 T1,2 T1,2,R T1,2,T τR τT ∆ωR ∆ωT DT DT DT
de-oxy /2pi /2pi (10−9 (10−9 (10−9
(s) (s) (s) (s) (ps) (ps) (kHz) (kHz) m2/s) m2/s) m2/s)
Ref. [8] MD MD MD MD MD MD MD Ref. [8] Ref. [9] MD
22.6oC 20oC 20oC 20oC 20oC 20oC 20oC 20oC 22.6oC 20oC 20oC
H2O 3.28 3.09 5.22 7.56 2.70 3.99 23.22 15.87 2.15 2.03 1.87
n-C5H12 13.44 14.34 24.26 35.06 0.77 2.32 20.17 9.66 3.85
n-C6H14 9.16 10.31 16.38 27.81 1.15 2.89 20.05 9.72 3.70 2.88
n-C7H16 6.78 7.46 11.13 22.63 1.71 3.55 19.99 9.73 2.99 2.24
n-C8H18 4.99 5.40 7.64 18.47 2.50 4.35 19.93 9.73 2.08 2.14 1.66
n-C9H20 3.68 4.13 5.67 15.22 3.40 5.24 19.87 9.76 1.63 1.31
n-C10H22 2.86 3.13 4.14 12.72 4.66 6.30 19.83 9.74 1.20 1.26 1.01
n-C11H24 2.23 2.47 3.20 10.76 6.05 7.45 19.82 9.74 1.01 0.80
n-C12H26 1.78 1.79 2.35 7.55 8.27 10.62 19.80 9.73 0.82 0.78 0.61
n-C13H28 1.44 1.41 1.80 6.50 10.79 12.42 19.76 9.70 0.63 0.51
n-C14H30 1.19 1.25 1.58 5.95 12.40 13.66 19.71 9.66 0.56 0.49 0.44
n-C15H32 0.98 0.96 1.20 4.94 16.29 16.37 19.75 9.69 0.40 0.34
n-C16H34 0.83 0.84 1.04 4.44 18.96 18.24 19.66 9.69 0.38 0.34 0.29
n-C17H36 0.71 0.72 0.87 4.12 22.41 20.05 19.79 9.59 0.25
TABLE I. Simulation and measurements of NMR relaxation and diffusion, including: de-oxygenated NMR relaxation time T2
from measurements at ω0/2pi = 2 MHz taken from Shikhov et al. [8], total T1,2 from MD simulations (Eq. 14), intramolecular
component T1,2,R from MD simulations (Eq. 13), intermolecular component T1,2,T from MD simulations (Eq. 13), intramolec-
ular correlation time τR from MD simulations (Eq. 11), intermolecular correlation time τT from MD simulations (Eq. 11),
square-root of intramolecular second-moment ∆ωR/2pi from MD simulations (Eq. 6), square-root of intermolecular second-
moment ∆ωT /2pi from MD simulations (Eq. 6), translational diffusion coefficient DT from NMR measurements at ω0/2pi = 2
MHz taken from Shikhov et al. [8], DT from NMR measurements at ω0/2pi = 200 MHz taken from Tofts et al. [9], DT from
MD simulations (Eq. 15). The temperature of each entry is also listed.
viation nrmsd, defined as
nrmsd =
√√√√ 1
N
N∑
i=1
(
Yi −Xi
Xi
)2
× 100, (16)
where Yi are the MD simulation results, Xi are the mea-
surements, and N are the number of data points. The
data in Fig. 4(a) indicate a small nrmsd ∼ 7.5%, which
could come from uncertainties in the simulations and/or
the measurements. The slight difference in temperature
between simulation (20oC) and measurement (22.6oC) is
unlikely to be the cause of the deviation, since this would
result in a systematic difference for all the data. The
experimental challenge is also to fully de-oxygenate the
samples; imperfect de-oxygenation would cause the mea-
sured T2 to be systematically lower than T1,2 from simula-
tion, however this is also not found to be the case. On the
computational side, the most likely source of uncertain-
ties is from the truncation ofGR,T (t) beforeGR,T (t)→ 0.
This has the effect of underestimating τR,T (Eq. 11) and
therefore overestimating T1,2 (Eq. 14).
The resulting correlation times τR,T are listed in Table
I, and plotted in Fig. 5(a). For the alkanes, both τR,T
increase by over an order of magnitude with increasing
chain length (i.e. carbon number). τR is also found to
be ≈ 3× shorter than τT at low carbon number, and are
found to merge at high carbon number. The τR,T val-
ues for water are found to be comparable to octane (n-
C8H18). The resulting second-moments ∆ω
2
R,T are listed
in Table I and plotted in Fig. 5(b). The data are pre-
sented as the square-root ∆ωR,T /2pi (∝ r−3ij ) in units of
kHz. For the alkanes, the intramolecular ∆ωR/2pi ' 20
kHz are found to be ≈ 2× larger than the intermolecular
∆ωT /2pi ' 10 kHz. The values for intermolecular contri-
bution to the second moment for water are ≈ 50% larger
than alkanes, which is expected given the closer packing
of water due to hydrogen bonding.
As shown in Fig. 4(a), the MD simulations provide an
accurate method of predicting the total NMR relaxation
times T1,2. The next natural step is to use the MD sim-
ulations to obtain new insight into intramolecular T1,2,R
versus intermolecular T1,2,T relaxation. The first impor-
tant insight is the relative strength of the two mecha-
nisms. Fig. 6(a) shows the ratio T1,2,T /T1,2,R for each
fluid, where a large ratio indicates that the intramolecu-
lar relaxation (short T1,2,R) dominates over intermolecu-
7FIG. 4. (a) Cross-plot of predicted NMR relaxation time
T1,2 (Eq. 14) from MD simulations on the y-axis versus (de-
oxygenated) T2 measurements taken from Shikhov et al. [8] on
the x-axis, for alkanes and water, showing a very strong corre-
lation of R2 = 0.998 and a small deviation of nrmsd = 7.5%
(Eq. 16). (b) Cross-plot of predicted translational diffusion
coefficient DT (Eq. 15) from MD simulations on the y-axis
versus DT measurements taken from Shikhov et al. [8] (open
symbols) and taken from Tofts et al. [9] (closed symbols) on
the x-axis, for alkanes and water, showing a strong correlation
of R2 = 0.988 and a deviation of nrmsd = 19.8%. Data are
at 20oC (or 22.6oC), and are listed in Table I. Carbon number
increases from right-to-left in (a) and (b).
lar (long T1,2,T ). Both pentane and water indicate that
T1,2,T /T1,2,R ' 1.5, however the ratio steadily increases
with increasing chain length. The data suggests that
larger molecules become increasingly dominated by in-
tramolecular interactions (i.e. rotational motions) versus
intermolecular interactions (i.e. translational motions).
Fluid
Fluid
FIG. 5. (a) MD simulation result for intramolecular correla-
tion time τR (Eq. 11), intermolecular correlation time τT (Eq.
11), and intermolecular diffusion correlation time τD(=
5
2
τT ),
for water (W) and alkanes (carbon number C5→C17). (b)
MD simulation result for square-root of intramolecular sec-
ond moment ∆ωR (Eq. 6) and square-root of intermolecular
second moment ∆ωT (Eq. 6), for water (W) and alkanes
(C5→C17). Data are at 20oC, and are listed in Table I.
This is an important finding for simulating NMR relax-
ation in macromolecules such as polymers and proteins,
where, perhaps without much justification, the common
practice is to only consider intramolecular dipole-dipole
interactions.
B. Diffusion
The MD simulation results for DT are listed in Table
I and plotted in Fig. 4(b) against measurements. The
NMR diffusion measurement is (in principle) independent
of the applied magnetic field ω0, provided no internal gra-
dients exist, which is the case for bulk liquids. The NMR
diffusion measurement is also (in principle) independent
of whether the samples are air-saturated or de-oxygented.
The air-saturated DT data were chosen from [8] due to
8the larger range of alkanes (n-C6H14 → n-C16H34) mea-
sured. One potential complication in measuring NMR
diffusion for bulk liquids is convection due to tempera-
ture gradients in the sample, which would tend to overes-
timate DT . However, these measurements were taken at
a stable ambient temperature and therefore should not
contain such complications.
While the MD simulations and measurements are
strongly correlated (R2 = 0.988), there is a systematic
deviation of nrmsd = 19.8% (Eq. 16). Both the MD sim-
ulations and the measurements have statistical uncertain-
ties associated with them, however it is evident from Fig.
4(b) that the deviation nrmsd = 19.8% is dominated by
a systematic offset, where MD simulations appear lower
than measurement. It should be noted however that the
agreement is remarkable given the huge difference in dif-
fusion evolution time between MD simulation t ' 10 ps
and NMR measurement ∆ ' 10 ms. Put otherwise, the
translational diffusion coefficient is compared over 9 or-
ders of magnitude in diffusion evolution time, and found
to be constant within ∼ 20%. This could be viewed as a
testament to Einstein’s theory of Brownian motion (Eq.
15).
C. Hard-Sphere Models
In all of the results summarized in Table II, there are
no models or adjustable parameters used in going from
MD simulation results to predictions of NMR relaxation
and diffusion. However in order to gain further insight
into the molecular dynamics of bulk hydrocarbons and
water, a physical model is required.
The intramolecular dipole-dipole interaction [30] is tra-
ditionally derived using the rotational diffusion equation
of rank 2 for hard-spheres of radius RR, and is param-
eterized by the rotational diffusion coefficient DR. The
parameter DR is simply related to rotational correlation
time τR, which is defined as the average time it takes
the molecule to rotate by 1 radian. The intermolecu-
lar dipole-dipole interaction [31] is traditionally derived
using the Brownian motion model where the diffusion
propagator is derived for hard-spheres of radius RT , and
is parameterized by the translational diffusion coefficient
DT . The parameter DT is simply related to the diffusion
correlation time τD, which is defined as the average time
it takes the molecule to diffuse by one hard-core diame-
ter 2RT [33]. For hard-spheres, the diffusion coefficients
(and correlation times) can be related to the bulk prop-
erties of the fluid, namely the viscosity η and absolute
temperature T , using the traditional Stokes-Einstein re-
lation [32]:
τR =
1
6DR
=
4pi
3kB
R3R
η
T
,
τD =
2R2T
DT
=
12pi
kB
R3T
η
T
=
5
2
τT .
(17)
Note that in order to relate the Stokes-Einstein diffusion
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FIG. 6. (a) MD simulation result for ratio T1,2,T /T1,2,R (Eq.
13) of intermolecular relaxation time to intramolecular re-
laxation time, for water (W) and alkanes (carbon number
C5→C17). (b) MD simulation result for ratio τD/τR of in-
termolecular diffusion correlation time (τD =
5
2
τT ) to in-
tramolecular correlation time (τR), along with predicted value
τD/τR = 9 [32] from Stokes-Einstein relation (Eq. 17), for wa-
ter (W) and alkanes (C5→C17). Data are at 20oC, and can
be inferred from Table I.
correlation time τD to the NMR derived translational
correlation time τT (Eq. 11), a factor of
5
2 is required, i.e.
τD =
5
2τT [34]. An expression for the two autocorrelation
functions are then derived as such:
GR(t) = GR(0) exp
(
− t
τR
)
,
GT (t) = GT (0)
∫ ∞
0
3
J23/2(x)
x
exp
(
−x2 t5
2τT
)
dx
(18)
where both expressions reduce to GR,T (0) (Eq. 5) at
t = 0.
The model for the intramolecular autocorrelation
GR(t) is plotted in Fig. 2(a) as the dashed black lines.
The model GR(t) is an exponential decay, which looks
like a straight-line decay on the semilog-y plot. It is
9clear that none of the intramolecular GR(t) resemble an
exponential decay, but appear to be more “stretched”
in nature. What is more remarkable from Fig 2(a) is
that even the intramolecular autocorrelation GR(t) for
water is not exponential. GR(t) for water only involves
two I = 1/2 spins, and therefore cannot contain cross-
correlation effects such as predicted for three or more
spins [37]. In the present case, cross-correlation effects
originate from interference between different interaction
mechanisms, such as a dipole-dipole interaction between
two spins and a dipole-dipole interaction between a dif-
ferent pair of spins [38]. Given that cross-correlation
cannot exist for intramolecular GR(t) in water indicates
that the observed disagreement with Eq. 18 is due to
the non-spherical nature of the molecules, and not cross-
correlation effects.
It also should be clarified that a “stretched” autocorre-
lation function GR(t) observed in Fig. 2(a) does not im-
ply a “stretched” or multi-exponential relaxation T1,2,R.
All of the measured T2 [8] and T1 [7] data are consis-
tent with single-exponential decays. The nature of the
“stretched” correlation function GR(t) is simply a reflec-
tion that the underlying interaction is not well modeled
by hard spheres, and that a more sophisticated theory is
required.
Similar observations and conclusions can be made of
the intermolecular GT (t) in Fig. 2(b), where the alkanes
appear to be more “stretched” in nature than the model,
and increasingly so with larger chain-lengths. GT (t) for
water appears more consistent with the model, but still
shows deviations. One informative way to quantify de-
viations from the hard-sphere model is to plot the ratio
τD/τR, which according to Eq. 18 should be a constant
τD/τR = 9 [32] if the Stokes-Einstein radius for rotation
RR equals the Stokes-Einstein radius for translation RT .
The ratio plotted in Fig. 6(b) clearly shows that lower
alkanes tend towards the expectations of the model, while
the higher alkanes increasingly depart from the model.
This finding again confirms that the lower alkanes are
more “spherical” than the higher alkanes, but surpris-
ingly water, which on the basis of the molecular struc-
ture should be considered closest to being “spherical,”
has relaxation times similar to octane. This emphasizes
that correct account of intermolecular interactions, cru-
cially short-range hydrogen bonding in the case of water,
is necessary in capturing the relaxation behavior. This
adds an additional level of complexity to the analysis,
but one that is captured by the MD simulations. More
discussions of the Stokes-Einstein radii are given below.
For completeness, the Fourier transform (Eq. 8) of the
autocorrelation functions Eq. 18 leads to the following
spectral densities for the model [34]:
JR(ω) =
2
3
∆ω2RτR
1
1 + (ωτR)
2 ,
JT (ω) =
2
3
∆ω2T τT
∫ ∞
0
15
2
xJ23/2(x)
x4 +
(
5
2ωτT
)2 dx. (19)
Both expressions correctly reduce to JR,T (0) (Eq. 12) in
the fast motion regime ω0τR  1 and ω0τT  1. The
origin of the τD =
5
2τT factor comes from normalizing the
JT (ω) integral in Eq. 19, while keeping the 2/3 pre-factor
the same as JR(ω) [34].
In the hard-sphere model, the intramolecular inter-
action is based on a rotating hard sphere where the
dipole-dipole distances rij(t) are assumed to be rigid, i.e.
rij(t) = rij are time independent. This simplifies the
expression for the second moment ∆ω2R in Eq. 7 to the
following:
∆ω2R =
9
20
(µ0
4pi
)2
~2γ4
1
NR
NR∑
i 6=j
1
r6ij
,
∆ω2T =
3pi
40
(µ0
4pi
)2
~2γ4
NV
R3T
,
(20)
where ∆ω2R is consistent with previous definitions [39].
The full MD simulation for ∆ω2R with non-rigid bonds
(Eq. 7) are slightly higher . 1% than with rigid bonds
(Eq. 20).
The hard-sphere model for the intermolecular interac-
tion is based on diffusing hard spheres with a hard-core
distance 2RT . The model yields the above expression for
∆ω2T in terms ofRT and the density of
1H spins defined as
NV . The following expression is used NV = ρ nHNA/M ,
where nH is the number of
1H per formula unit, NA is
Avogadro’s number, M is the molar mass, and ρ is the
density from Table II.
D. Molecular Radius
It is informative to compare the various sets of molecu-
lar radii that result from MD simulations and the Stokes-
Einstein relation in Eq. 17. As shown in Fig. 6(b),
the predicted ratio of translational diffusion to rotational
correlation times are τD/τR < 9, which implies that
RR > RT . Using Eq. 17 and viscosity η data in Table I
results in the Stokes-Einstein radii RR and RT , which are
listed in Table II and plotted in Fig. 7. While RR ' RT
in the case of pentane, the rotational radius RR increases
mildly with carbon number, while RT mildly decreases
with increasing carbon number. These trends indicate
that the molecules become less “spherical” with increas-
ing chain length.
Another prediction from the hard-sphere model is RT
according to ∆ω2T defined in Eq. 20. Using the values
of NV and ∆ω
2
T in Table I results in a prediction for
RT , which is listed in Table II and plotted in Fig. 7.
Since both NV and ∆ω
2
T show little variation with car-
bon number, the resulting RT is also found to be roughly
independent of carbon number. In the case of pentane,
a consistent value of RT according to η/T and ∆ω
2
T con-
firm that the model is more accurate for more “spherical”
molecules.
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Fluid η ρ RR RT RT RG
(cP) (g/cm3) (A˚) (A˚) (A˚) (A˚)
Ref.
[28]
Ref.
[27,
28]
Eq.
17
Eq.
17
Eq.
20
MD
H2O 1.00 0.998 1.38 1.02 0.97 1.74
n-C5H12 0.24 0.626 1.47 1.38 1.32 1.76
n-C6H14 0.31 0.659 1.53 1.35 1.32 2.20
n-C7H16 0.42 0.684 1.58 1.32 1.33 2.26
n-C8H18 0.55 0.702 1.64 1.29 1.34 2.50
n-C9H20 0.72 0.718 1.66 1.25 1.34 2.75
n-C10H22 0.93 0.731 1.69 1.22 1.35 2.97
n-C11H24 1.19 0.740 1.70 1.19 1.35 3.21
n-C12H26 1.51 0.750 1.74 1.24 1.35 3.43
n-C13H28 1.89 0.756 1.77 1.21 1.36 3.66
n-C14H30 2.34 0.760 1.72 1.16 1.36 3.88
n-C15H32 2.87 0.769 1.76 1.15 1.36 4.11
n-C16H34 3.48 0.773 1.74 1.12 1.36 4.28
n-C17H36 4.21 0.778 1.73 1.09 1.37 4.51
TABLE II. Molecular radii, including: Stokes-Einstein radius
for rotational motion RR from Eq. 17 (using η/T , with listed
η taken from [28]), Stokes-Einstein radius for translational
motion RT from Eq. 17 (using η/T ), RT prediction from
second moment ∆ω2T from Eq. 20, and RG directly from MD
simulations (Eq. 21). Sources for density data [27] include
the NIST chemistry webbook for n-C5H12 to n-C10H22, CRC
Handbook for n-C11H24 to n-C5H12, and API tech report [28]
for n-C15H32 to n-C17H36. All data are at 20
0C.
Fluid
FIG. 7. Stokes-Einstein radius for rotational motion RR from
Eq. 17 (using η/T , with η listed in Table II)), Stokes-Einstein
radius for translational motion RT from Eq. 17 (using η/T ),
RT prediction from second moment ∆ω
2
T from Eq. 20 (using
ρ from Table I), and RG from MD simulations (Eq. 21), for
water (W) and alkanes (carbon number C5→C17). Data are
at 20oC, and are listed in Table II.
The radius of gyration of the molecule, defined by
RG =
√√√√〈 1
N
N∑
i=1
(ri − rcm)2
〉
τ
(21)
provides an independent estimate of the size of the
molecule; for a spherical molecule the RG is expected
to be a reasonable estimate of the hydrodynamic radius.
Here RG is calculated by sampling a single molecule from
the simulation and averaging over the entire trajectory.
As expected, increasing the sample size of the simulation
did not change the results. The simulation results for RG
are listed in Table II and plotted in Fig. 7.
The results in Fig. 7 clearly show that while RG in-
creases linearly with chain length, both RR and RT show
only mild variations with increasing chain length. This
suggests that the NMR related quantities RR and RT re-
main more local in nature than the structure-based RG
radius. In the case of water, the pattern RG > RR > RT
again emphasizes that it is best to not regard water as
a spherical object, as required by the traditional hard-
sphere model.
IV. CONCLUSIONS
MD simulation techniques for predicting NMR relax-
ation and diffusion in bulk hydrocarbons and water are
validated against NMR measurements, without any ad-
justable parameters in the interpretation of the simula-
tion data. MD simulations reveal new insight about the
intramolecular versus intermolecular NMR relaxation in
bulk fluids, which were not easily accessible before. The
simulations quantify the relative strength of the two re-
laxation mechanisms, indicating that intramolecular in-
creasingly dominates over intermolecular relaxation with
increasing molecular chain-length (i.e. increasing carbon
number). This validates the common practice of only
considering intramolecular dipole-dipole interactions for
simulations of macromolecules such as proteins and poly-
mers.
With increasing chain length, the simulations indicate
increasing departure from the traditional hard-sphere
models for the time dependence in autocorrelation func-
tions of both intramolecular and intermolecular dipole-
dipole interactions. The MD simulations indicate that
the Stokes-Einstein radius for rotational and transla-
tional motion are comparable for small molecules, but
increasingly diverge with increasing chain length, indicat-
ing a departure from “spherical” molecules for the higher
alkanes. Furthermore, with increasing chain length the
radius of gyration is found to increase more rapidly than
the NMR derived Stokes-Einstein radius, indicative of
the more local nature of the NMR measurement.
The validation of MD simulations for predicting NMR
relaxation and diffusion of bulk hydrocarbons and wa-
ter opens up new opportunities for investigating more
11
complex scenarios, such as the effects of nanometer con-
finement on the phase-behavior and transport properties
of hydrocarbons and water in organic porous-media such
as kerogen. It also opens up opportunities for studying
NMR relaxation in complex fluids such as crude-oils or
model systems such as polymer-solvent mixes.
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